The Fe-projected vibrational density of states g͑E͒ in nanoscale 57 Fe / M multilayers, where M = Cr, Co, Cu, Pd, or Ag was measured by nuclear resonant inelastic x-ray scattering. With decreasing Fe thickness, the high-energy phonon peak of Fe near 36 meV is suppressed for the "soft" metals Ag, Pd, and Cu, but much less so for the "hard" metals Co and Cr. This effect is attributed to Fe phonon confinement and interface localization due to an energy mismatch between g͑E͒ of M and of Fe.
I. INTRODUCTION
The lattice dynamics of thin-film multilayers has attracted considerable experimental and theoretical interest. 1 Novel phenomena such as zone-folded, confined, and localized interface vibrational modes, which have no analog in bulk materials, have been discovered. [2] [3] [4] [5] Phonon confinement appears when no propagating vibrational mode is allowed in one of the constituent layers, while phonon localization implies phonon modes with a limited number of atoms involved in the vibrations. Phonon confinement and localization are general phenomena in low dimensional materials 5 and may lead to modifications of the vibrational density of states ͑VDOS͒, g͑E͒, and, consequently, to changes in the thermodynamic properties relative to bulk materials. For instance, confinement offers the possibility to tailor the thermal conductivity in order to achieve the low values required to improve the thermoelectric figure of merit in metal-based superlattices, 6 to create band gaps in artificial structures known as phononic crystals, 7 to contribute to the electronphonon mass enhancement in nanoscale multilayers, 8 and to influence the functioning of future thermal logic gates. 9 The fundamental question of how g͑E͒ in nanoscale multilayers is modified as compared to bulk materials is relatively unexplored and remains an experimental challenge to date. Raman spectroscopy has been used to study semiconducting superlattices [1] [2] [3] [4] and confined optical phonons in metallic ͑Co/Ru͒ multilayers. 10 However, Raman scattering is sensitive to long wavelength phonons and cannot be used to determine g͑E͒. This applies also for Brillouin light scattering, which revealed localized phonon modes due to interfaceinduced modifications of elastic force constants in metallic multilayer structures. [11] [12] [13] The classical method of inelastic neutron scattering remains challenging because of insufficient sensitivity. Recently, first-principles calculations 14 for monolayer-scale Fe͑001͒/Au͑001͒ superlattices predicted drastic variations of g͑E͒ with t Au and t Fe , where t is the layer thickness.
In this work, we present an investigation of the Feprojected VDOS in nanoscale Fe/ M multilayers by 57 Fe nuclear resonant inelastic x-ray scattering ͑NRIXS͒, where M = Cr, Co, Cu, Pd, or Ag. The confinement of phonons at the Brillouin zone boundary and interface localization are shown via an observation of a striking dependence of the phonon peak height ͑PH͒ and position on the energy mismatch between the VDOS of the two materials near the maximum phonon energies and on the Fe layer thickness.
II. EXPERIMENTS AND SAMPLE CHARACTERIZATION
Polycrystalline ͓ 57 Fe͑t Fe ͒ / M͑t M ͔͒ 15 multilayers, with t M = 4 nm and t Fe = 1.5, 2, 4, and 8 nm, were grown by thermal evaporation ͑at a substrate temperature of 20°C and a pressure of p Ͻ 5 ϫ 10 −9 mbar during deposition͒ on naturally oxidized Si͑001͒ substrates covered with a 4-nm-thick Cr buffer layer and capped with 5 nm Cr. The 57 Fe isotopic enrichment is 95%. The crystalline nature of the individual layers was confirmed with high-angle x-ray diffraction ͑XRD͒, and x-ray reflectometry was used to confirm the layered structure. In Fig. 1 , we show typical low-angle XRD scans of our ͓ 57 Fe͑4 nm͒ / M͑4 nm͔͒ 15 multilayers. The observation of superlattice reflections of at least up to third order qualitatively indicates good multilayer quality on a mesoscopic scale and smooth interfaces with little atomic mixing between the layers. 15 The Fe/Ag multilayer shows only the first-order superlattice reflection, which is due to a larger interface roughness, and not due to an enhanced interdiffusion, as our conversion electron Mössbauer spectra ͑CEMS͒ results demonstrate ͑see below͒. Note that the second-order superstructure peak is suppressed because the individual Fe and M thicknesses are equal.
We have evaluated CEMS with respect to the degree of interface alloying and metastable phase formation at the interface. Typical room-temperature CEMS of the thinnest multilayers ͓ 57 Fe͑1.5 nm͒ / M͑4.0 nm͔͒ 15 are shown in Fig.  2 . All of the spectra are Zeeman-split sextets typical of ferromagnetic bcc-Fe layers with a small degree of interdiffusion on the atomic scale, as revealed by a weak line broadening and the slightly non-Lorentzian line shape. We would like to emphasize that a central single line, typical of paramagnetic fcc-Fe, 16 is absent in all of the spectra, including Fe/Cu and Fe/Co. Therefore, local fcc arrangement does not occur here. The spectra in Fig. 2 were least-squares fit with a distribution of hyperfine ͑hf͒ magnetic fields ͓P͑B hf ͔͒. The distributions P͑B hf ͒ are shown in Fig. 2 ͑right-hand side͒. For all Fe/ M multilayers, they exhibit a relatively sharp, dominant peak at B hf =32 T ͑Fe/Cr͒, 34 T ͑Fe/Co͒, 31 T ͑Fe/Cu͒, 33 T ͑Fe/Pd͒, and 31.5 T ͑Fe/Ag͒. These values are characteristic of the bcc structure ͑bulk bcc Fe: 33.0 T͒. In addition, one may notice low field P͑B hf ͒ tails for Fe/Cr, Fe/Cu, and Fe/Ag. These low field tails originate from the reduction in B hf at interfacial 57 Fe atoms due to the presence of Cr, 17, 18 Cu, 19 or Ag ͑Refs. 20 and 21͒ atoms in their local environment. We also emphasize that the P͑B hf ͒ for our polycrystalline Fe/Cr multilayers looks similar to the P͑B hf ͒ for Fe/ Cr͑001͒ superlattices. 18 The contribution of the low field tail to the total P͑B hf ͒ can be used for an estimation of the interface sharpness. The ratio of the area below the tail and the area below the main peak of P͑B hf ͒ represents the fraction of 57 Fe atoms in an 57 Fe layer interacting with Cr, Cu, and Ag atoms. This procedure provides estimates for the fraction of interfacial 57 Fe atoms in the ͓ 57 Fe͑1.5 nm͒ / M͑4.0 nm͔͒ 15 multilayers of 55% for M = Cr, 23% for M = Cu, and 12% for M = Ag. This is equivalent to an average 57 Fe layer thickness per interface, t int ͑affected by M atoms͒, of about 0.4 nm ͑or 2 ML͒ for Fe/Cr, 0.17 nm ͑or 0.8 ML͒ for Fe/Cu, and 0.1 nm ͑or 0.5 ML͒ for Fe/Ag. These values should be compared with the individual 57 Fe layer thickness of t Fe = 1.5 nm or 7.5 ML. ͓1 ML ͑monolayer͒ is equal to about 0.2 nm, assuming 57 Fe͑110͒ growth.͔ The small values of t int indicate that 57 Fe-M interdiffusion is very small and limited to the first interfacial Fe monolayer in Fe/Cu and Fe/Ag and to the first two interfacial Fe monolayers in Fe/Cr. As to the distributions P͑B hf ͒ of the Fe/Co and Fe/Pd multilayers shown in Fig. 2 , they exhibit a broadened main peak shifted slightly to higher hf fields and no low field tail. P͑B hf ͒ ranges from 31 to 38 T for Fe/Co and from 29 to 38 T for Fe/Pd. This broadening clearly indicates the presence of a distribution of 57 Fe sites in these multilayers. These 57 Fe sites may be attributed to a combination of several configurations: 22, 23 ␣-Fe ͑B hf = 33.0 T͒, bcc-Co ͑31.2 T͒, Fe/Co interface region ͑35.4 T, enhanced͒, and hcp-Co ͑ϳ32 T͒. Since the P͑B hf ͒ range in Fig. 2 for Fe/Co extends to large hf fields, we may estimate from the shape of P͑B hf ͒ that the interdiffused Fe/Co interface region ͑with 35.4 T͒ contributes roughly 50% to P͑B hf ͒. Thus, the amount of interdiffusion in Fe/Co appears to be similar to that in our Fe/Cr multilayers. Similar conclusions can be drawn from P͑B hf ͒ for our Fe/Pd multilayers, since enlarged hf fields have also been reported for Fe/Pd interfaces at room temperature. 24 Summarizing, we may claim from the CEMS results that interfacial interdiffusion in our multilayers is strongest for Fe/Cr, Fe/Co, and Fe/Pd ͑ϳ2 ML Fe per interface͒ and little for Fe/Cu and Fe/Ag ͑ϳ1 ML Fe per interface͒. We point out that, in particular, the "soft" metal M = Pd exhibits a similar amount of interdiffusion as the "hard" metals Cr and Co. Thus, the degree of interdiffusion is not correlated to the phonon cutoff energy E M of metal M.
In order to investigate the crystallographic structure and grain size of our ͓Fe͑t Fe ͒ / M͑4.0 nm͔͒ 15 function of t Fe , we have performed extensive -2 high-angle XRD measurements 25 ͑not shown͒. These results may be summarized as follows: ͑i͒ Fe and M layers were found to be polycrystalline. The Fe layers are bcc ͑in agreement with the CEMS results͒, and the M layers are bcc ͑Cr͒, hcp ͑Co͒, or fcc ͑Cu, Pd, Ag͒. ͑ii͒ With decreasing t Fe , the Fe layer lattice parameter was found to increase for Fe/Cr, Fe/Cu, and Fe/ Ag, and remained constant for Fe/Co. ͑iii͒ The crystallographic texture of the Fe layers was determined from the integrated intensity ratio of Fe͑110͒ and Fe͑211͒ reflections. The Fe layers always showed a ͑110͒ texture ͓with Fe͑110͒ lattice planes parallel to the film plane͔. For M = Pd and Ag, the Pd͑111͒ and Ag͑111͒ reflections were surrounded by satellite peaks due to the multilayer periodicity, indicating a perfect Fe͑110͒ growth parallel to Pd͑111͒ and Ag͑111͒ lattice planes ͓marked Fe͑110͒ texture͔ independent of t Fe . Comparing Fe in Fe/Cr, Fe/Co, and Fe/Cu, generally, Fe/Cu had a larger ͑110͒ texture than Fe/Cr, with Fe/Co in between. Upon decreasing t Fe from 8 to 4 nm, the ͑110͒ texture decreased by ϳ48% for Fe/Cu, by ϳ49% for Fe/Co, and by ϳ16% for Fe/Cr. ͑iv͒ The average grain size in the Fe layers was estimated from the width of the Fe͑110͒ Bragg reflections by using the Scherrer formula. The -2 geometry provides the grain dimension perpendicular to the film plane. At t Fe = 8 nm, the Fe grain size was found to be ϳ18 nm for Fe/Cr, ϳ 13 nm for Fe/Pd, ϳ12 nm for Fe/Co, ϳ8 nm for Fe/Cu, and ϳ5 nm for Fe/Ag. With decreasing t Fe , we observed a monotonic decrease in the Fe grain size, e.g., to ϳ16 nm ͑Fe/Cr͒, ϳ9 nm ͑Fe/Pd͒, ϳ6 nm ͑Fe/Co͒, and ϳ5 nm ͑Fe/Cu͒, all at t Fe = 2 nm. For t Fe = 4 nm, the grain size in Fe/Ag was ϳ4 nm. Summarizing all of the highangle XRD results, we can say that none of the quantities described in items ͑i͒-͑iv͒ above show a correlation with the phonon cutoff energy E M of the metal M, i.e., no systematic behavior in the crystal structure, lattice parameter, texture, and grain size for Fe in the multilayers could be found, which would follow the sequence Cr, Co ͑both hard͒, Cu ͑"medium hard"͒, Pd ͑soft͒, and Ag ͑soft͒.
NRIXS measurements were performed at room temperature at beamline 3-ID of the Advanced Photon Source. The synchrotron-beam energy was scanned around the resonant energy of the 57 Fe nucleus ͑14.413 keV͒ with an energy resolution of 1.3 or 2.2 meV. The monochromatic beam hits the sample surface at grazing incidence and the NRIXS data measure the phonon excitation probability, as described in Refs. 26-30. For each sample, the instrumental resolution function was determined by measuring the nuclear forward scattering intensity. Figure 3 displays typical NRIXS data measured on two ͓ 57 Fe͑t Fe ͒ / Ag͑4 nm͔͒ 15 multilayers with t Fe = 2 and 8 nm. By using the PHOENIX software, 30 the spectra have been decomposed into single-phonon ͓ϰg͑E͔͒ and multiphonon contributions. As an example, Fig. 4 shows representative Feprojected g͑E͒'s, which are typical of the multilayers and of a reference bulk bcc-57 Fe foil. For ͓ 57 Fe͑t Fe ͒ / Ag͑4 nm͔͒ 15 , three striking systematic modifications of g͑E͒ may be noted with decreasing t Fe ͓Fig. 4͑a͔͒: ͑i͒ a reduction in the longitudinal 31 ͑L͒ phonon peak height ͑at 36 meV for bulk bcc-Fe͒; ͑ii͒ a shift to lower energy of the longitudinal peak position, combined with a weak broadening; and ͑iii͒ an enhancement of g͑E͒ at low phonon energies. There is an overall shift of g͑E͒ to lower energies with decreasing values of t Fe , implying a general softening of the lattice. Even for the thinnest Fe layers in our multilayers, there is no enhancement of g͑E͒ beyond the cutoff energy E Fe Ϸ 39 meV of bulk bcc-Fe. No drastic modification of the transverse ͑T͒ phonon peaks near 23 and 27 meV appears upon reducing the value of t Fe , except for a smearing and a shift to lower energy. Figure  4͑b͒ displays g͑E͒ in ͓ 57 Fe͑2 nm͒ / M͑4 nm͔͒ 15 for M = Cr, Co, Pd, and Ag. While the L-phonon peaks of Cr and Co remain relatively high, they are strongly reduced and shifted to lower energies for Pd and Ag. Relative to the case of Cr and Co, an overall shift of g͑E͒ to lower E ͑lattice softening͒ is found for Pd and Ag. Figure 4͑c͒ shows the VDOS of ͓ 57 Fe͑8 nm͒ / M͑4 nm͔͒ 15 . In this case, g͑E͒'s of Fe for different M's are nearly the same and resemble that of bulk bcc-Fe ͑except for small differences in the L-phonon peak heights͒. Similar features have been predicted by atomistic simulations of the VDOS of Ag nanograins and attributed to grain morphology and phonon localization. 32 The most important result is shown in Fig. 5 . In Figs. 5͑a͒ and 5͑b͒, the L-phonon PH near 36 meV is displayed as a function of the VDOS mismatch between bulk Fe and bulk metals M for our ͓ 57 Fe͑t Fe ͒ / M͑4 nm͔͒ 15 multilayers, with t Fe as a parameter. We define the VDOS mismatch either as the difference in phonon cutoff energies, E Fe − E M , between bulk Fe and bulk metals 33 M taken from Ref. 34 ͓Fig. 5͑a͔͒ or by the nonoverlapping area below g͑E͒ of bulk Fe ͓inset in Fig.  5͑b͔͒ . For comparison, we have also added earlier data from 57 Fe͑2 nm͒ / Au͑4 nm͒ multilayers. 35 Note that in Figs. 5͑a͒ and 5͑b͒ , for the lowest t Fe values, and starting from Cr with zero VDOS mismatch, the L-phonon PH first remains constant or changes only weakly with increasing VDOS mismatch up to Co, and then exhibits a steplike decrease at Cu and Pd, followed by a modest change up to Ag. This steplike feature is strongest at the smallest thickness of t Fe = 1.5 nm and becomes gradually less pronounced with increasing t Fe . Relative to the Fe/Cr and Fe/Co PHs, the suppression of the peak for Fe/Pd and Fe/Ag amounts to ϳ24% at t Fe = 1.5 nm. The steplike feature observed in Figs. 5͑a͒ and 5͑b͒ is a consequence of the fact that, due to the large VDOS mismatch, high-energy modes of Fe are not allowed to propagate in the Cu, Pd, Ag, and Au layers and remain confined in the Fe layers, which constitute quasi-twodimensional systems with a large interface to volume ratio. These vibrational waves of short wavelength in the Fe layers should be strongly overdamped in the regions of Fe/ M interfaces ͑with M = Cu, Pd, Ag, and Au͒, and much less so in the center of the Fe films, and their vibrational amplitude should decay over very short distances while penetrating into the soft metal layers. In the case of Fe/Cr and Fe/Co, the phonons are allowed to propagate through the 82.5-nm-thick multilayer as a whole and, thus, exhibit a nearly bulk behavior.
III. RESULTS AND DISCUSSION
The effect of confinement is also clearly revealed in Fig.  5͑c͒ , where a steplike change can be observed by plotting the measured longitudinal phonon peak position vs VDOS mismatch. Relative to bulk Fe, in the thinnest Fe layer ͑1.5 nm͒, the suppression of the longitudinal phonons by confinement results in a shift of ϳ8% to lower energies for the soft metal Ag, but only in a shift of ϳ2% for the hard metals Co and Cr. The presence of a shift qualitatively agrees with the pre- dictions in Ref. 14 of a shift to lower energies of the highenergy edge in ultrathin Fe/Au multilayers.
We present a qualitative explanation for our findings ͓Figs. 5͑a͒ and 5͑b͔͒ in terms of interface effects. The boundary condition at the Fe/ M interface will affect the phonon dispersion relation and the elastic constants near the interface, which is known to result in localized low-energy phonon modes.
11-13 Correspondingly, we observe a systematic increase in g͑E͒ at low energies ͑E Յ ϳ 20 meV͒ combined, however, with a systematic reduction in the 36 meV peak height, depending on M and t Fe ͓Figs. 5͑a͒ and 5͑b͔͒. Therefore, it is reasonable to assume that lower-energy phonons in the M layer ͑Pd, Ag, and Au͒ couple to those high-energy modes in the Fe layer that do not exist in the heavier M layer ͑i.e., for E M Յ E Յ E Fe ͒. Thus, Fe atoms near the M layer are constrained to movements at lower frequencies; in the extreme case, they are clamped to the interfacial heavy M atoms instead of vibrating with high frequency. Hence, an Fe atom near the interface will have a reduced vibrational excitation probability for these high energies, E M Յ E Յ E Fe . Therefore, the steplike behavior observed in Figs. 5͑a͒ and 5͑b͒ may be related to the availability of high-frequency vibrational states at the interface for the lighter M layers ͑Cr and Co͒, but not for the heavier layers ͑Pd, Ag, and Au͒. This can be interpreted as a confinement of the high-energy Fe phonons ͑within E M Յ E Յ E Fe ͒ if the heavier M atoms do not move at all at these high frequencies. If this is the case, the interfacial Fe atoms ͑and probably their Fe neighbors within a small thickness range͒ will not move either at those high frequencies due to the Fe-M coupling and the VDOS at 36 meV will be reduced. This is what we observed in Figs. 5͑a͒ and 5͑b͒. This argument must work for high-energy L and T phonons of Fe, and the confinement mechanism should be nonspecific to the phonon polarization. The extreme case of the "clamped-interface" boundary condition is reminiscent of the clamped-surface boundary condition for acoustic phonons 36 in quantum wires, which leads to acoustic phonon confinement effects in the low-energy dispersion relations.
As can be noticed in Fig. 5 , the steplike behavior due to confinement becomes more pronounced with decreasing t Fe values, i.e., with increasing interface-to-volume ratio. We may estimate the effective interfacial Fe thickness, t int , for which the phonons are affected by the boundary condition, using geometrical considerations. Previously, for the case of Fe/Cr͑001͒ superlattices, 37 we demonstrated by NRIXS that boundary effects are localized and disappear in the Fe layer at a distance of 4 ML ͑0.56 nm͒ away from the Fe/Cr interface, where a g͑E͒ value nearly that of bulk Fe is observed. Based on this result, we may assume that a modification of the 36 meV peak occurs within t int Յ ϳ 3 ML ͑ϳ0.42 nm͒, while the rest of the Fe layer shows "bulk" properties. By using this model for t Fe = 1.5 nm, and by normalizing the PH to that of the 8-nm-thick Fe film in the present multilayers, we would expect relative 36 meV PHs of ϳ49%, ϳ67%, ϳ84%, and ϳ92% for t int = 3, 2, 1, and 0.5 ML, respectively. From Figs. 5͑a͒ and 5͑b͒, the corresponding measured normalized PHs at t Fe = 1.5 nm are 69% for Fe/Pd, 82% for Fe/Ag, 86% for Fe/Co and Fe/Cu, and 93% for Fe/Cr. A comparison of the calculated and measured normalized PHs indicates t int values of ϳ2 ML for Fe/Pd, ϳ1 ML for Fe/ Ag, Fe/Cu, and Fe/Co, and ϳ0.5 ML for Fe/Cr. These values provide evidence that boundary effects in the Fe layers are short range and only extend over a few monolayers.
Recently, first-principles calculations 38 and experimental results 39, 40 obtained by layer-resolved NRIXS on single-layer Fe͑110͒ ultrathin films in ultrahigh vacuum revealed that the Fe atoms of the free surface layer vibrate with frequencies significantly lower than those in the bulk and, thus, are responsible for the reduction in the phonon peak at 36 meV and the enhancement of g͑E͒ at low energies. Our present work on Fe films interleaved with M metals demonstrates that this reduction at 36 meV and low-E enhancement strongly depend on the boundary conditions imposed by the Fe/ M interfaces.
Finally, we address the question of whether the VDOS obtained from NRIXS measurements at grazing x-ray incidence could be an in-plane projected VDOS that possibly differs from the out-of-plane projected VDOS that one might measure at perpendicular incidence. Such a difference could possibly arise as a result of the ͑per se͒ anisotropic multilayer structure. In fact, the single-phonon nuclear inelastic absorption probability W 1 ͑E͒ depends on ͉s · e j ͑q͉͒ 2 , where e j ͑q͒ is the polarization vector of a phonon with wave vector q, and s = k / ͉k͉ is the photon momentum direction. 41 Therefore, W 1 ͑E͒ for a particular phonon energy E scales with cos 2 ͑ j ͒ ͑with j being the angle between the phonon polarization vector e j and the photon direction s͒, and contributions of various phonon modes j are weighted by cos 2 ͑ j ͒. In this way, for our geometry of grazing incidence, one obtains the VDOS of 57 Fe atoms in the multilayers weighted along the in-plane direction. In this sense, our measured VDOS could be partial-in-plane and, since the multilayer structure is anisotropic, it might differ from the VDOS measured with the photon momentum direction perpendicular to the film plane. The latter case is presently not well accessible due to the experimental geometry. However, since the boundary effect on the VDOS in the Fe layers is short range and limited to a very few monolayers near the interface only, 37, 39, 40 such anisotropic effects in the VDOS are expected to be observable for Fe film thicknesses in the monolayer range only.
IV. CONCLUSIONS
In conclusion, we present evidence of high-energy phonon confinement and interface localization in nanoscale metallic Fe/ M multilayers. The suppression and energy shift of the longitudinal phonon peak in g͑E͒ of the Fe layers near 36 meV depend on the energy mismatch between g͑E͒ of Fe and of the metal M and become more pronounced with increasing interface-to-volume ratio as the Fe layer thickness decreases. High-energy vibrational modes of interfacial Fe atoms that find no high-energy counterpart in the heavy M layer couple to lower-energy phonons in the M layer ͑M = Pd, Ag, and Au͒, thereby reducing the 36 meV longitudinal VDOS peak of Fe. These findings should represent general properties of metallic multilayers and should have a strong impact on their thermodynamic properties and thermal conductivity.
